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[57] ABSTRACT

A contactless method and apparatus for real-time in-situ
monitoring of a chemical etching process during etching of
at least one wafer in a wet chemical etchant bath are
disclosed. The method comprises the steps of providing two
conductive electrodes in the wet chemical bath, wherein the
two electrodes are proximate to but not in contact with a
wafer, monitoring an electrical characteristic between the
two electrodes as a function of time in the etchant bath of the
at least one wafer, wherein a prescribed change in the
electrical characteristic is indicative of a prescribed condi-
tion of the etching process; and recording a plurality of
values of the electrical characteristic as a function of time
during etching. From the plurality of recorded values and
corresponding times, instantaneous etch rates, average etch
rates, and etching end points may be determined. Such a
method and the apparatus therefor are particularly useful in
a wet chemical etch station.

15 Claims, 1 Drawing Sheet
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REAL TIME MEASUREMENT OF ETCH
RATE DURING A CHEMICAL ETCHING
PROCESS

This is a division, of application ser. No. 08/269,862,
filed Jun. 30, 1994,

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to a method and
apparatus for monitoring the etching condition of a chemical
etching process, and more particularly, to an improved
contactless real-time in-situ method and apparatus for the
same.

2. Discussion of the Related Art

Etching rates and etch end points must be carefully
monitored and controlled in order to end etching processes
at the desired time. In semiconductor processing, inadequate
or excess etching time can result in undesirable film pat-
terning. For instance, for semiconductor devices having film
layers or features in the micron and sub-micron range, an
inadequate etch or an excess etch would result in the
insufficient removal or the excess removal of a desired layer.
Insufficient removal of a desired layer can result in an
undesired electrical open or electrical short when the desired
~layer to be removed 1s an insulator or a conductor, respec-
tively. Additionally, if the etch is in excess, undercutting or
punch through can occur resulting in poorly defined film
patterning or total hift-off. Inadequate or excess etching time
further leads to undesirable reliability problems in the sub-
sequently fabricated semiconductor device. As a semicon-
ductor wafer is extremely expensive due to many processing
steps involved in the making thereof, the need to critically
control the etching end point in an etching process 1s highly
desirable.

An etch end point must be accurately predicted and/or
detected to terminate etching abruptly. Eich rates, etch times,
and etch end points are difficult to consistently predict due
to lot-to-lot variations 1n film thickness and constitution, as
well as etch bath temperature, flow, and concentration
variability. That 1s, an etch rate 1s dependent upon a number
of factors, which include, etchant concentration, etchant
temperature, film thickness, and the film characteristics.
Non-uniformity can result from differences across the wafer
in film thickness, or can result from differences in the
physical or chemical properties of the film such as stoichi-
ometry, density, or intrinsic stress. Precise control of any of
these factors can be very expensive to implement, for
example, concentration control. However, substantial
overetching to remove all slower etching material can lead
to wafer yield loss and the decreased reliability of the
resulting electronic devices. In addition, circuit dimensions
must be made larger to allow for overetch tolerances. Thus,
a high degree of control of the etching process is desirable
in the manufacture of semiconductor devices.

Currently, most etch rate end point determination tech-
niques depend on indirect measurement and estimation
techniques. Some etch monitoring technigues have relied on
external measurements of film thickness followed by etch
rate estimation and an extrapolated etch end point predic-
tion. However, imprecision is introduced into the estimation
of an etch process unless the basis for extrapolation is
representative of etching characteristics near the etching end
point. Where etch rates may vary due to batch-to-batch
differences in the chemical and physical characteristics of
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the film or the etchant, these extrapolation methods are
inadequate. Interrupted measurement techniques are also
imprecise where the etch rate is not linear, such as where an
induction period occurs at the beginning of the etch, where
the 1nstantaneous etch rate varies within the film, or where
the removal of material from a partially etched film occurs
atter removal of the wafer from the etchant bath but prior to
rinsing.

Previous methods for measuring film etching uniformity
include optical techniques such as ellipsometry, reflectance
spectroscopy, and the prism coupler method, on blanket
films on monitor wafers. Film etch characteristics measured
on monitor wafers may not be representative of product
wafer etch characteristics. Yet other technigues monitor the

etch rate of a fiducial region of the product wafer and require
optical access to the wafer in the wet etch bath. However,
in-situ measurements on fiducial sites of product wafers do
not always correlate to the actual film etching characteristics
in the region of interest (e.g. in contact holes, on stacks of
films, etc.) in the device. These measurements are spatially
discrete. Furthermore, such methods are expensive as por-
tions of the wafer are occupied by non-product fiducial areas
or require additional test wafers. Such optical methods are
also subject to uncertainty resulting from turbidity of the
etch bath and other optical effects and uncertainty resulting
from non uniform films. Such optical methods are subject to
imprecision in the resulting estimate of overetch when the
number of measured sites 1s insuificient or when the sections

~are not representative of the whole. Finally, optical mea-

surements require expensive equipment and specialized
training for unambiguous interpretation of results. They
usually assume refractive index dispersion relations and
optical constants of underlying films and substrates, which
may be invalid. In addition, these techniques have limita-
tions in the film thickness ranges for which they are appli-
cable.

Still other techniques require physical contact of electrical
leads with the wafer being etched and electrical isolation of
those leads and associated areas of the wafer from the
etchant. This presents problems associated with contamina-

- tion, contact reliability and reproducibility, and the physical

constraints which affect ease of use in manufacturing or
automation.

It would thus be desirable to provide an improved method
and apparatus which provides non-contact, real-time, in-situ
monitoring of an etching condition of a wafer being etched.

SUMMARY OF THE INVENTION

An object of the present invention is to overcome the
problems in the art discussed above.

Another object of the present invention is to provide an
improved non-contact method of monitoring the etching
condition of a wafer being etched.

Yet another object of the present invention 1s to provide an
accurate real-time, in-situ method and apparatus for moni-

toring an etching condition of a wafer being etched.

Yet another object of the present invention 1s to provide an
accurate real-time, in-situ method and apparatus for control-
ling a wafer etching process.

According to the present invention, a contactless method
for real-time in-situ monitoring of a chemical etching pro-
cess for the etching of at least one wafer in a wet chemical
etchant bath comprises the sieps of:

a) providing two conductive electrodes in the wet chemi-
cal bath, wherein said two electrodes are proximate to
but not 1in contact with the at least one wafer;
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b) monitoring an electrical characteristic between the two
electrodes as a function of time in the etchant bath of

the at least one wafer, wherein a prescribed change in
the electrical characteristic is indicative of a prescribe
condition of the etching process; and "

c¢) recording a plurality of values of said electrical char-

acteristic as a function of time during etching.

The method of may additional comprise, any one or more
of the steps of determining an instantaneous etch rate in real
time from at least two of the recorded plurality of values,
determining an average etch rate in real time from at least
two of the recorded plurality of values, or determining an
etching end point in real time from at least two of the
recorded plurality of values. |

In addition, according to the present invention, a contact-
less real-time in-situ chemical etch monitor for providing an
indication of a prescribed condition of an etching process of
at least one wafer to be etched in a wet chemical etchant bath
comprises a means for accomplishing each of the aforesaid
process steps.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other teachings and advantages of the
present invention will become more apparent upon a
detailed description of the best mode for carrying out the
invention as rendered below. In the description to follow,
reference will be made to the accompanying drawing, in
which:

FIG. 1 shows a graph of monitored electrical character-
istics according to the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

U.S. patent Ser. No. 5,338,390 to Barbee, et al., entitled
“Contactless Real-Time In-Situ Monitoring of a Chemical
Etching Process,” assigned to the assignee of the present
invention hereafter the ““413 application” the disclosure of
which is hereby incorporated by reference into the present
application, describes a related method and apparatus for the
contactless, real-time, in-situ monitoring of a chemical etch-
ing process during etching of a wafer in a wet chemical
etchant bath, wherein the two conductive electrodes are
proximate to but not in contact with the at least one wafer,
and further wherein said two electrodes are positioned on
opposite sides of the wafer. Six copending U.S. patent
applications, filed on Jun. 30, 1994, which are Ser. No.
08/269,864, entitled “MINIMIZING OVERETCH DUR-
ING A CHEMICAL ETCHING PROCESS:” Ser. No.
08/269,861, entitled “MEASURING FILM ETCHING
DURING A CHEMICAL ETCHING PROCESS:” Ser. No.
08/269,803, entitled “CONTACTLESS REAL-TIME IN-
SITU MONITORING OF A CHEMICAL ETCHING PRO-
CESS;” Ser. No. 08/269,860, entitled “METHOD AND
APPARATUS FOR CONTACTLESS REAL-TIME
IN-SITU MONITORING OF A CHEMICAL ETCHING
PROCESS;” Ser. No. 08/269,859, now Pat. No. 5,451,289,
entitled “FIXTURE FOR IN-SITU NON-CONTACT
MONITORING OF WET CHEMICAL ETCHING WITH
PASSIVE WAFER RESTRAINT;” and Ser. No. 08/269,865,
now Pat. No. 5,445,705, “METHOD AND APPARATUS
FOR CONTACTLESS REAL-TIME IN-SITU MONITOR-
ING OF A CHEMICAL ETCHING PROCESS;” and which
are assigned to the assignee of the present invention,
describe improvements to the method and apparatus for
contactless, real-time, in-situ monitoring of chemical etch-
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ing disclosed in the 413 application. The disclosure of the
aforesaid six copending applications is also hereby incor-
porated by reference into the present application.

The apparatus of the copending 413 application may be
adapted to the present invention by including a means for
recording a plurality of values of the electrical characteristic
being monitored as a function of time during etching. Such
values correspond to a typical output signal from the elec-
trical characteristic analyzer such as an impedance analyzer
described in the '413 application. Monitoring of the pre-
scribed etching characteristic is effected by electrically
sensing, in-situ, changes in an electrical characteristic of the
wafer, such as, the impedance or an element or elements of
impedance (e.g., admittance, capacitance, inductance, reac-
tance and/or resistance), between the two electrodes. For
example, the real and imaginary-parts of the impedance as
a function of time may be measured.

Referring now to FIG. 1, there is shown a graphical
representation as a function of time of a typical output signal
from the electrical characteristic analyzer described above.
More particularly, FIG. 1, represents measured resistance as
a function of etch time, as disclosed in the copending *413
application. Starting point 102 corresponds to the start of the
etching process. Region 103 of the curve corresponds to
thinning of the film during the etch process. Point 108
corresponds approximately to a point in time at which all
features are etched to nominal size in an essentially uniform
film. Region 110 of the curve corresponds to the period
during which more than the nominal or desired amount of
material to be removed by etching is being removed from the
substrate, for example, by an undercutting process.

In the case where the film is homogeneous with respect to
etching characteristics, that is, has a linear etch rate per unit
of thickness at all points on the wafer, the average etch rate
is determined from the time period between starting point
102 and point 108 together with a known film thickness.
From any two recorded values, the average etch rate may be
determined for the corresponding period. From any two
recorded values which are close in time, the instantaneous
etch rate may be determined.

It should be understood that the invention contemplates
that the shape of the curve shown in FIG. 1 may deviate from
that shown in the figure, provided that the electrical char-
acteristic 1s recorded as a function of time. Based on the
curve shape between any two or more points, the extent of
etching uniformity of the film can be immediately discerned.
This results in an etch record which is essentially a mono-
layer-by-monolayer etch rate depth profile of the thin film
strata. Any change in the ongoing etch rate is observed as a
change in the curve shape. Thus, any significant batch-to-
batch variation in the homogeneity of a film that would
affect the etch rate will be reflected in the batch-to-batch
reproducibility of the etch records. For example, a tempo-
rary or intermittent pressure or electrical fluctuation in a film
deposition process could result in transient density or sto-
ichiometry changes in the resulting film. Alteratively,
where thickness can be shown to be extremely uniform, the
nonuniformity may be attributed to other physical or chemi-
cal phenomena. The monitored electrical characteristic
information is not from a series of discrete measurements
across the film, as in optical approaches, but is from a single
measurement representative of the whole wafer. Instanta-
neous changes in the electrical characteristic would appear
as small spikes or plateaus in the etch record, and the
determined instantaneous etch rate reflects such changes.

Thus, the etching end point can be precisely determined
for a product wafer. Alternatively, the etching end point may
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be predicted in real time by rapid analysis of the recorded
values and extrapolation to the endpoint, which extrapola-
tion is preferred to be accomplished near the end of the
etching process.

With respect to the instant apparatus, the means for
recording a plurality of values of the electrical characteristic
being monitored as a function of time during etching
receives the output signal from the analyzer. Said means
include, without limitation, electrical signal storage devices,

computers, and programmable controllers which are well
known 1in the art.

In alternative embodiments, the apparatus additionally
comprises any one or more of a means for determining an
instantaneous etch rate in real time from at least two of the
recorded plurality of values, a means for determining an
average etch rate in real time from at least two of the
recorded plurality of values, or a means for determining an
etching end point in real time from at least two of the
recorded plurality of values. Such means include, without
limitation, signal analyzers, computers, and programmable
controllers which are well known in the art, and which may
be separate from, or part of, electrical characteristic moni-
toring device.

In yet another alternative embodiment, the apparatus of
the present invention may comprise a means such as a
computer or a programmable controller which is responsive
to the end point determining means, the average etch rate
determining means, or the instantaneous etch rate determin-
ing means, and which means may, in turn, control the etch
process such as by actuating a wafer handling means.
Furthermore, electrical characteristic monitoring device can
likewise comprise an impedance analyzer and a computer or
a programmable controller, the computer or programmable
controller providing feedback control to initiate, control, and
terminate an etching operation. Impedance analyzers, com-

puters, and programmable controllers are well known in the
art.

Finally, it 1s noted that many of the disclosed means may
be assembled as discrete elements or together in a combined
element without affecting the essential function thereof.

Thus there has been shown an improved real-time in-situ
monitoring method and apparatus which provide accurate,
non-contact, monitoring of an etching characteristic of an
etching process. Such a method and apparatus are inexpen-
sive to implement and ensure the integrity of the etched

wafer or wafers. Etching of a wafer can be controlled
precisely.

While the invention has been particularly shown and
described with reference to specific embodiments thereof, it
will be understood by those skilled in the art that various
changes in form and detail may be made thereto, and that
other embodiments of the present invention beyond embodi-
ments specifically described herein may be made or prac-
ticed without departing from the spirit of the invention.
System condition parameters, such as impedance analyzer
frequency, etc., may need to be adjusted accordingly to
obtain optimum detection sensitivity. Similarly, other
changes, combinations and modifications of the presently
disclosed embodiments will also become apparent. The
embodiments disclosed and the details thereof are intended
to teach the practice of the invention and are intended to be
illustrative and not limiting. Accordingly, such apparent but
undisclosed embodiments, changes, combinations, and
modifications are considered to be within the spirit and
scope of the present invention as limited solely by the
appended claims.
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What 1s claimed is:

1. A contactless real-time in-situ chemical ‘etch monitor
for providing an indication of a condition of an etching
process during etching of at least one wafer in a wet
chemical etchant bath, said monitor comprising:

a) two conductive electrodes:

b) a means for positioning said two conductive electrodes
inside the wet chemical etchant bath proximate to but
not in contact with the at least one wafer:

c) a means for monitoring an electrical characteristic
between the two electrodes as a function of time in the
etchant bath of the at least one wafer, wherein a change
in the electrical characteristic is indicative of a state of
the etching process; and

d) a means for recording a plurality of values of said
clectrical characteristic as a function of time during
etching.

2. The monitor of claim 1, wherein the monitoring means
comprises an impedance monitor and further wherein the
change in the electrical characteristic comprises a change in
impedance.

3. The monitor of claim 2, wherein the monitoring means
comprises an impedance monitor and further wherein the
change in the electrical characteristic comprises a change in
a component of impedance, wherein said component is
selected from the group consisting of admittance, reactance,
resistance, capacitance, and inductance. |

4. The monitor of claim 1, further comprising a means for
determining an instantaneous etch rate in real time from at
least two of the recorded plurality of values.

3. The monitor of claim 4, further comprising a means for
controlling the etching process in response to the instanta-

‘neous etch rate, wherein the instantaneous etch rate is

determined in real time.

6. The monitor of claim 4, further comprising a means for
determining an average etch rate in real time from at least
two of the recorded plurality of values.

7. The monitor of claim 6, further comprising a means for
controlling the etching process in response to the average
etch rate, wherein the average etch rate is determined in real
time.

8. The monitor of claim 1, further comprising a means for
determining an etching end point in real time from at least
two of the recorded plurality of values.

9. The monitor of claim 8, further comprising a means for
controlling the etching process in response to the determined
etching end point, wherein the end point is determined in
real time.

10. An etch station having contactless real-time in-situ
control of an etching process during etching of at least one
wafer in a wet chemical etchant bath, said etch station
comprising:

a) two conductive electrodes;

b) a means for positioning said two conductive electrodes
inside the wet chemical etchant bath proximate to but
not in contact with the at least one wafer;

c) a means for monitoring an electrical characteristic
between the two electrodes as a function of time in the
etchant bath of the at least one wafer, wherein a change

in the electrical characteristic 1s indicative of a state of
the etching process;

d) a means for recording a plurality of values of said
electrical characteristic as a function of time during
etching; and

¢) a means for controlling the etching process in response
to the monitoring of the change in the electrical char-
acteristic. |
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11. The etch station of claim 10, wherein the monitoring
means comprises an impedance monitor and further wherein

the change in the electrical characteristic comprises a change
in impedance. |

12. The etch station of claim 11, wherein the monitoring
means comprises an impedance monitor and further wherein
the change in the electrical characteristic comprises a change
in a component of impedance, wherein said component is
selected from the group consisting of admittance, reactance,
resistance, capacitance, and inductance.

3

13. The etch station of claim 10, further comprising a
means for determining an instantaneous etch rate in real time

from at least two of the recorded plurality of values.

14. The etch station of claim 10, further comprising a
means for determining an average etch rate in real time from
at least two of the recorded plurality of values.

15. The etch station of claim 10, further comprising a
means for determining an etching end point in real time from
at least two of the recorded plurality of values.
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